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Abstract
We study the thermal leptogenesis in the scenario where the standard model is extended to
include one SU(2)L triplet Higgs boson, in addition to three generations of the right-handed neu-
trinos. And in the model we introduce the coupling between the Quintessence and the right-handed
neutrinos, the triplet Higgs boson, so that the light neutrino masses vary during the evolution of
the universe. Assuming that the lepton number asymmetry is generated by the decays of the light-
est right-handed neutrino N1, we find the thermal leptogenesis can be characterized by four model
independent parameters. In the case where the contribution of the triplet Higgs to the lepton
asymmetry is dominant, we give the relation between the minimal M1 and the absolute mass scale
m¯ of the light neutrinos, by solving the Boltzmann equations numerically. We will also show that
with the varying neutrino masses, the reheating temperature can be lowered in comparison with
the traditional thermal leptogenesis.
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The baryon number asymmetry of the Universe has been determined precisely[1]:
ηB ≡ nB
nγ
= (6.3± 0.3)× 10−10 , (1)
where nB = nb−nb¯ and nγ are the baryon and photon number densities, respectively. As the
confirmation of the neutrino oscillations by several experiments[2, 3], leptogenesis[4] is now
an attractive scenario to explain the observed baryon number asymmetry, where the lepton
number asymmetry is first produced and then converted to the baryon number asymmetry
via the (B + L)-violating sphaleron interactions[5].
The minimal thermal leptogenesis is quite economic and only requires three generations of
the right-handed Majorana neutrinos beyond the standard model, which are also necessary to
explain the small neutrino masses through the seesaw mechanism[6]. However, this scenario
seems require too high reheating temperature which may conflict with the upper bound of the
reheating temperature set by the gravitino problem[7], and hierarchical neutrino spectrum
with mi <∼ 0.12eV [8]. Furthermore, if the light neutrinos are degenerate as indicated by the
experimental signal of neutrinoless double beta decay[9], it is hard to imagine that the Dirac
and the Majorana neutrino mass matrices, both naturally having hierarchical eigenvalues,
conspire to produce the degenerate neutrino spectrum via the seesaw mechanism. The
degenerate neutrino spectrum is naturally produced in the type II seesaw[10] model, where
a triplet Higgs boson is introduced, whose vacuum expectation value (vev) gives the common
neutrino mass scale and the type I seesaw produces the mass square differences required by
the oscillation experiments.
A way to reconcile the minimal thermal leptogenesis and the gravitino problem is to
consider that the neutrino masses are cosmological variable[11, 12]. In a recent work we
studied the scenario[13] where the interaction between the right-handed neutrinos and the
Quintessence[14, 15, 16, 17], a dynamical scalar field as a candidate for the dark energy[18],
which drives the accelerating of the Universe at the present time[19], makes the masses
of the right-handed neutrinos vary during the evolution of the universe. In this scenario,
the reheating temperature is lowered and compatible with the limits set by the gravitino
problem, and degenerate light neutrino spectrum is also permitted. However, the two condi-
tions, the low reheating temperature and degenerate neutrino spectrum, can not be satisfied
simultaneously yet.
In this paper, we study a scenario of the thermal leptogenesis where the light neutrinos
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are degenerate, to explain the neutrinoless double beta decay, and at the same time the
reheating temperature is low. This scenario is realized in the type II seesaw model with
variable neutrino masses. The type II seesaw model including one SU(2)L triplet Higgs
boson[20], in addition to three generations of the right-handed neutrinos, is a general scenario
derived from the left-right symmetric models[21].
In this scenario, the lepton number asymmetry can be generated by the decays of the
right-handed neutrinos and/or the SU(2)L triplet Higgs[22]. Assuming a hierarchical right-
handed neutrino spectrum, M1 ≪ M2,M3, and M1 is also much lighter than the mass of the
triplet HiggsM1 ≪ M∆, the lepton number asymmetry comes mainly from the decays of the
lightest right-handed neutrino N1. We find the thermal leptogenesis can be characterized by
four model independent parameters: the CP asymmetry ε1 of N1 decays, the heavy neutrino
mass M1, the absolute mass scale m¯ of the light neutrinos, and the effective light neutrino
mass m˜1, which is a similar result as in the minimal thermal leptogenesis[23].
The Lagrangian relevant to leptogenesis reads:
−L = 1
2
MiN¯
C
RiNRi+M
2
∆Tr∆
†
L∆L+ g
ν
ijψ¯LiNRjφ+ g
∆
ij ψ¯
C
Liiτ2∆LψLj −µφT iτ2∆Lφ+ h.c. (2)
where ψL = (ν, l)
T , φ = (φ0, φ−)T are the lepton and the Higgs doublets, and
∆L =


1√
2
δ† δ††
δ0 − 1√
2
δ†


is the Higgs triplet.
After the electroweak phase transition, the left-handed neutrino mass matrix can be
written as
mν = −gν∗ 1
M
gν†v2 + 2g∆vL = m
I
ν +m
II
ν (3)
where mIν is the type I seesaw mass term, m
II
ν is the type II seesaw mass term, and v =
174GeV , vL ≃ µ∗v2/M2∆ are the vevs of φ and ∆L, respectively.
The CP asymmetry ε1 is generated by the interference of the loop diagrams, shown in
Fig. 1, with the tree diagram of N1 decay. Besides the two same diagrams as in the minimal
seesaw scenario, diagrams (a) and (b) in Fig. 1, there is an additional diagram (c) with the
exchange of the Higgs triplet. We then have
ε1 = ε
N
1 + ε
∆
1 , (4)
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FIG. 1: The loop-diagrams of N1 decays.
with εN1 and ε
∆
1 the CP asymmetry of N1 decays due to the exchange of the right-handed
neutrinos and the Higgs triplet, respectively. ForM1 ≪ M2,M3,M∆, we have[24, 25]
εN1 ≃
3
16pi
M1
v2
∑
ij Im[g
ν†
1i g
ν†
1j (m
I∗
ν )ij]
(gν†gν)11
, (5)
ε∆1 ≃
3
16pi
M1
v2
∑
i,j Im[g
ν†
1i g
ν†
1j (m
II∗
ν )ij]
(gν†gν)11
. (6)
It is interesting to see that the triplet contribution will dominate the CP asymmetry ε1
when it dominates the neutrino mass matrix mν [20]. In this case, there is an upper bound
on the asymmetry[20, 23, 25, 26],
| ε1 |≃| ε∆1 |≤
3M1m3
16piv2
≃ εmax1 . (7)
In order to calculate the final baryon number asymmetry, we have calculated the washout
effect by solving the Boltzmann equations numerically. All the relevant processes should be
taken into account, which include N1 decays and inverse-decays; the ∆L = 1 scatterings
mediated by exchanging doublet Higgs; and ∆L = 2 scatterings mediated by exchanging
the right-handed neutrinos and the triplet Higgs. By solving the Boltzmann equations, we
can get the baryon-to photon ratio ηB.
In comparison with the minimal seesaw scenario[23, 27, 28, 29], there new ∆L = 2
scattering processes with the exchanges of the triplet Higgs should be considered. We give the
reduced cross sections σˆN for the process lφ¯↔ l¯φ, and σˆN,t for the process ll(l¯l¯)↔ φφ(φ¯φ¯)
as:
σˆN(N,t)(s) =
1
2pi
[
∑
i
(gν†gν)2iif
N(N,t)
ii (x) +
∑
i,j
Re[(gν†gν)2ij]f
N(N,t)
ij (x)
+
∑
i,j,k
Re[g∆†ij g
ν†
ki g
ν†
kj
µ
M1
]f
∆N(∆N,t)
ijk (x) +
∑
i
(g∆†g∆)ii
| µ |2
M21
f
∆(∆,t)
ii (x)] , (8)
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with
fNii (x) = 1 +
ai
Di(x)
+
xai
2D2i (x)
− ai
x
[1 +
x+ ai
Di(x)
] log(1 +
x
ai
) , (9)
fNij (x) =
1
2
√
aiaj[
1
Di(x)
+
1
Dj(x)
+
x
Di(x)Dj(x)
+ (1 +
ai
x
)(
2
aj − ai −
1
Dj(x)
) log(1 +
x
ai
) + (1 +
aj
x
)(
2
ai − aj −
1
Di(x)
) log(1 +
x
aj
)] , (10)
f∆ii (x) = 12[
1
x
log(1 +
x
y
)− 1
x+ y
] , (11)
f∆Nijk (x) = 8
√
ak(x− ak)
(x− ak)2 + akck [1−
y
x
log(1+
x
y
)]+4
√
ak
x+ ak + y
[
y
x
log(1+
x
y
)−(1+ak
x
) log(1+
x
ak
)] ,
(12)
fN,tii (x) =
x
x+ ai
+
ai
x+ 2ai
log(1 +
x
ai
) , (13)
fN,tij (x) =
1
2
√
aiaj
(ai − aj)(x+ ai + aj) [(2x+3ai+aj) log(1+
x
aj
)−(2x+3aj+ai) log(1+ x
ai
)] , (14)
f∆,tii (x) = 6
x(x− y)2
[(x− y)2 + yc∆]2 , (15)
f∆N,tijk (x) = 6
√
ak
x− y
(x− y)2 + yc∆ log(1 +
x
ak
) . (16)
Here x = s
M2
1
, ai ≡ M2i /M21 and 1/Di(x) ≡ (x − ai)/[(x − ai)2 + aici] is the off-shell part
of the Ni propagator with ci ≡ ai(gν†gν)2ii/(8pi)2, and c∆ ≡ Γ2∆/M21 . Similar to Ref. [23],
the reaction density γN + γN,t can be separated into two parts: the resonance contribution
which is highly peaked around x = 1 and the contribution comes from the region x ≪ 1
which corresponds to z ≫ 1,
γresN =
M51
64pi3v2
m˜1
1
z
K1(z) , (17)
γN(z ≫ 1) ≃ γN,t(z ≫ 1) ≃ 3M
6
1
8pi5v4
m¯2
1
z6
, (18)
where m˜1 ≡ (gν†gν)11v2M1 and m¯2 ≡ m21 +m22 +m23 = tr(m†νmν) = tr((mIν +mIIν )†(mIν +mIIν )).
Analysis for z < 1 is also similar to Ref.[23]. The reaction densities γi [27] is defined as:
γi(z) =
M41
64pi4
1
z
∫ ∞
(m2a+m
2
b
)/M2
1
dxσˆi(x)
√
xK1(z
√
x) , (19)
where ma and mb are the masses of the two particles in the initial state. Since γN + γN,t
is not changed compared with the results of Ref.[23], the thermal leptogenesis can be still
characterized by four parameters: ε1, M1, m¯, m˜1, even in the presence of the SU(2)L triplet
Higgs.
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The washout effect mainly depends on the effective neutrino mass m˜1. Since m1 ≤ m˜1 <∼
m3[23, 26] should not be satisfied when the triplet contribution is dominant, we can always
adjust m˜1 to avoid the large washout effect. Therefore the neutrino mass spectrum can be
degenerate, even above the cosmological bound[20, 30, 31]. The numerical result is shown
in Fig. 2. For m¯ ≃ 0.051eV , the low limit of the neutrino mass scale from the oscillation
experiments constraint[2, 3, 32], we getM1 ≃ 3.4×109GeV . We can getM1 ≃ 2.7×108GeV
for m¯ ≃ 1.0eV , which is the upper bound from the cosmological constraint∑imi < 1.7eV [1].
We notice that these values ofM1 are only marginally consistent with the bound set by the
gravitino problem[7]. In order to solve the problem, we consider the light neutrino masses
are varying during the evolution of the universe[11]. We introduce a parameter k which
indicates the ratio of the light neutrino masses at the leptogenesis epoch and the present
epoch. When solving the Boltzmann equations, theM1, m¯, and m˜1 should all take the values
at the leptogenesis epoch. If m¯ takes the value at the present epoch, we should replace m¯
by km¯ in the Boltzmann equations. By solving the Boltzmann equations numerically, we
can see the reheating temperature are lowered with the increasing k. For k = 10, we can
get M1 ≃ 3.1 × 108GeV for m¯ ≃ 0.051eV , and M1 ≃ 2.7 × 107GeV for m¯ ≃ 1.0eV . M1 is
lowered to M1 ≃ 3.1× 107GeV with m¯ ≃ 0.051eV and M1 ≃ 2.5× 106GeV with m¯ ≃ 1.0eV
for k = 100. In this paper, the vales of M1 are all at the leptogenesis epoch, and m¯ takes
the value at the present epoch.
In this paper, we get the varying neutrino masses by introducing the interaction between
the Quintessence and the right-handed neutrinos, the triplet Higgs in Eq.(2). Assume these
interactions take simple forms as:
Mi →Mi(Q) = M¯ieβ
Q
Mpl , (20)
M∆ →M∆(Q) = M¯∆e
β
2
Q
Mpl , (21)
where β is a O(1) coefficient. Then we get
mν ∝ e−β
Q
Mpl , (22)
and
k = e
β
Q0−QD
Mpl . (23)
Q0, QD are the values of the Quintessence field at the present epoch and the leptogenesis
epoch, respectively.
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FIG. 2: The minimal M1 as a function of m¯ for ηB = 5.4 × 10−10. M1 is the value of the right-
handed neutrino mass at the leptogenesis epoch, and m¯ is the absolute mass scale of the light
neutrino at the present epoch. The curve with k = 1 stand for the case without the variation of
the light neutrino masses.
For a numerical calculation of k, we consider a model of the Quintessence with the double
exponential potential[33]
V = V0(e
λQ + eαQ) . (24)
The equations of motion of the Quintessence, which for a flat universe, are given by,
H2 =
8piG
3
(ρB +
Q˙2
2
+ V (Q)), (25)
Q¨ + 3HQ˙+
dV (Q)
dQ
= 0 , (26)
where ρB represent the energy densities of the background fluid. This model has the tracking
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FIG. 3: The evolution of wQ and Q as a function of the temperature T for the double exponential
Quintessence model.
property for suitable parameters. Here, we choose λ = 100M−1pl , α = −100M−1pl , the initial
value of Quintessence field Qi = 1.374Mpl and for the equation-of-state, which is defined as
wQ =
Q˙2/2− V (Q)
Q˙2/2 + V (Q)
, (27)
the initial value is wQi = −1. We obtain that ΩQ0 ≃ 0.72 and the present equation-of-state
of the Quintessence is wQ0 ≃ −1 which are consistent with the observational data. In Fig.
3, we show the evolution of wQ and Q with the temperature T .
Taking into account the interaction with the right-handed neutrinos and the triplet Higgs,
we get the equation of motion of the Quintessence as
Q¨ + 3HQ˙+
dV (Q)
dQ
+
dVI(Q)
dQ
= 0 . (28)
The source term in the equation above is given by[34]
dVI(Q)
dQ
=
∑
i
ni
dMi
dQ
〈
Mi
Ei
〉
+ n∆
dM∆
dQ
〈
M∆
E∆
〉
=
β
Mpl
1
pi2
T
∑
i
M3i K1(Mi/T ) +
3
4
β
Mpl
1
pi2
TM3∆K1(M∆/T ) , (29)
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where ni and Ei are the number density and the energy of the right-handed neutrinos
respectively, n∆ and E∆ belong to the triplet Higgs, 〈〉 indicates thermal average, and
K1 is the modified Bessel function. For simplicity, we have taken the Maxwell-Boltzmann
distribution of the right-handed neutrinos and the triplet Higgs in the last step of the
equation.
We then solve the equation (28) numerically, assuming M 3 = 10M 2 = 10
4M 1 and M∆ =
103M 1. The numerical results are shown in Figs. 4, 5, 6, and 7, where we have taken the
same definition of wQ as in Eq.(27). In Fig. 4 and 5, we take β = −1.68, M 1 = 3.1 × 109
GeV, and β = −3.35, M1 = 3.1 × 109 GeV, respectively, which give rise to Q0 ≃ 0 and
QD ≃ 1.374Mpl. We then have M1 ≃ 3.1× 108GeV for k = 10, and M1 ≃ 3.1× 107GeV for
k = 100, corresponding to the case we considered in the hierarchical neutrino spectrum with
m¯ ≃ 0.051eV . In Fig. 6 and 7, we choose the parameters β = −1.68, M1 = 2.7 × 108GeV
and β = −3.35, M 1 = 2.5 × 108GeV , respectively. We find the values of Q0 and QD are
almost the same as the above case. We then have M1 ≃ 2.7 × 107GeV for k = 10 and
M1 ≃ 2.5 × 106GeV for k = 100, corresponding to the case that satisfies the cosmic limit
m¯ ≃ 1.0eV for the degenerate neutrinos.
Comparing Figs. 3 with Figs. 4, 5, 6 and 7, one can see that the interaction of
the Quintessence with the right-handed neutrinos and the triplet Higgs, does change the
equation-of-state of the Quintessence field, however, does not change the tracking properties
of this model. Furthermore, the value of the Quintessence field Q changes very little in this
model until T ∼ 104GeV which satisfies our assumption for a constant k during the period
of leptogenesis.
In summary, we study the thermal leptogenesis in the scenario where the standard model
is extended to include one SU(2)L triplet Higgs boson, in addition to three generations
of the right-handed neutrinos. And in the model we introduce the coupling between the
Quintessence and the right-handed neutrinos, the triplet Higgs boson, so that the light
neutrino masses vary during the evolution of the universe. Assuming that the lepton num-
ber asymmetry is generated by the decays of the lightest right-handed neutrino N1, and
find the thermal leptogenesis can be characterized by four model independent parameters:
ε1,M1, m¯, m˜. With the dominant contribution of the triplet Higgs to the lepton asymme-
try and the varying neutrino masses, we find the degenerate spectrum of the light neutrino
masses and the lower reheating temperature can be get simultaneously, by solving the Boltz-
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FIG. 4: The evolution of wQ, Q and k as a function of the temperature T for the double exponential
Quintessence model including the coupling with the right-handed neutrinos and the triplet Higgs.
We take β = −1.68 and M1 = 3.1× 109GeV .
mann equations numerically.
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